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Abstract 


Studies were performed to investigate the effect of the 
stability of graphite fibers on composite properties after 
exposure in air at 600°F. Composites were fabricated from 
PMR- 15 and PMR- 1 1 monomer solutions, using HTS-2 and Celion 
bOOO graphite fibers as the reinforcement. The effect of 
long-term exposure in air at 600°F on composite weight loss 
and mechanical properties was determined. These composites 
exhibited a significantly increased lifetime at 600°F com- 
pared to composites fabricated from HTS fiber sold prior to 
19/5. The effect of the PMR-15 and PMR-II resin composi- 
tions on long-term composite performance at 600°F is also 


discussed. 

1 . INTRODUCTION 

In response to the need for easily 

processable, high temperature 

matrix resins for fiber-reinforced 

composites, investigators at the 

NASA Lewis Research Center developed 

the so-called PMR polyimides . ^ 

The advantages and versatility of 

the PMR approach have been reviewed, 

m 

At the present time two ver- 
sions of the PMR, differing in 
stoichiometry and chemical composi- 
tion, have been identified. The 
earlier version has been designated 


PMR-15, while the more recently 
developed second generation material 
has been designated as PMR-II. ^ 
Graphite fiber-reinforced composites 
using the PMR-II material have 
shown a significant increase in com- 
posite lifetime on exposure in air 
at elevated temperatures . ^ A 
further improvement in PMR polyimide 
composite performance at elevated 
temperatures has been made possible 
by the recent development of new 
high strength, intermediate modulus 
graphite fibers such as Hercules 



HTS-2 and Celanese Celion 6000. 

These fibers exhibit a significantly 
improved thermo-oxidative stability 
over the older versions of high 
strength fibers, such as HTS-1. 

The purpose of this study was to 
investigate the effect of HTS-2 and 
Celion 6000 graphite fibers on the 
mechanical properties and thermo- 
oxidative stability of PMR-15 and 
PMR-II polyimide composites. Com- 
posite weight loss and mechanical 
property retention characteristics 
were determined as a function of 
exposure time in air at 600°F. This 
paper also compares the effect of 
the PMR-15 and PMR-II resin composi- 
tions on long-term composite per- 
formance at 600°F . 

2. EXPERIMENTAL PROCEDURES 

2.1 MONOMERS AND PMR SOLUTIONS 

The monomers used in this study are 
shown in Table I. The monomethyl 
ester of 5-norbomene-2, 3-dicar- 
boxylic acid (NE), 4 ,4 ' -methylene- 
dianiline (MDA), para-phenylene- 
diamine (PPDA) , and 3, 3', 4,4'- 
ben zophenonet e t racarboxy 1 i c 
dianhydride (BTDA) were obtained 
from commercial sources. The 4,4- 
Chexafluoroisopropylidene) -bis 
(phthalic anhydride) (HFDA) was 
prepared according to Vannucci and 
Alston.*^ The dimethyl ester of 
3, 3' 4,4 ' -benzophenonetetracarboxylic 
acid (BTDE) and the dimethyl ester 
of 4,4' - (hexaf luoroisopropylidene) - 
bis (phthalic acid) (HFDE) were 
prepared as 50 weight percent 


solutions by refluxing a suspension 
of the corresponding dianhydrides 
in anhydrous methanol until the 
solids dissolved and then for an 
additional two hours. 

The PMR monomer stoichiometry for 
PMR-15 solutions was 2 NE/3.087 
MDA/2.087 BTDE. The solutions were 
prepared at room temperature by dis- 
solving the monomers in a calculated 
amount of anhydrous methanol to 
give 50 weight percent solutions. 

The PMR-II solutions were prepared 
in a similar manner, using a monomer 
stoichiometry of 2 NE/2.67 PPDA/1.67 
HFDE. 

2.2 GRAPHITE FIBERS 

The following graphite fibers were 
used for composite ^-’^rication and 
fiber weight loss studies: HTS-2 
from lot 66-7 and Celion 6000 
(without finish) from lot HTA-7-6Y11. 
The HTS-1 fiber used for weight loss 
studies was taken from lot 34-2. 

The HTS-1 composite property data 
are taken from the literature. 

Forced air convection ovens were 
used for long-term isothermal ex- 
posure of bare fibers at 600°F. 

The air change rate was 100 cm^/min. 

2.3 COMPOSITE FABRICATION 

Prepreg tapes were made by drum- 
winding and impregnating graphite 
fiber with PMR monomer solutions 
calculated to yield prepregs con- 
taining 45 percent monomers and 55 
percent fiber by weight. The pre- 
preg tapes were dried on the 
rotating drum for 1 hour at room 
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temperature and then for another 
hour at about 122°F to reduce the 
solvent content to a level that 
gave flexible tapes without exces- 
sive tack. The tapes were removed 
from the drum, cut into 3-inch by 
8-inch plies, and stacked unidirec- 
tionally. Twelve plies per stack 
were used for prepreg prepared from 
HTS fiber, and 18 plies were used 
for prepreg made from Celion 6000 
fiber. The prepreg stack was placed 
in a preforming mold and staged at 
400°F for 1 hour under a pressure of 
approximately 0.1 psi. Composites 
were molded by placing the staged 
prepreg stack into a matched metal 
die preheated to 450°F. Following 
a dwell time of 2-5 minutes, a pres- 
sure of 500 psi was applied, and the 
temperature was increased to 600°F 
at a rate of 10°F per minute. Pres- 
sure and temperature were maintained 
for 1 hour. After removal from the 
mold, all composites were post-cured 
in air at 600°F for 16 hours. 

2.4 COMPOSITE TESTING 

Prior to specimen preparation all 
laminates were inspected for accep- 
tance using an ultrasonic C-scan 
technique. Flexural strength tests 
were performed using a three-point 
loading fixture with a fixed span 
of 2 inches. The rate of center 
loading was 0.05 in/min. The thick- 
ness of the HTS composite specimens 
ranged from 0.082 inches to 0.091 
inches, resulting in a span/depth 
ratio of 24.5 to 22. The thickness 


of the Celion composites ranged 
from 0.104 inches to 0.123 inches, 
resulting in a span/depth ratio of 
19 to 16. Elevated temperature 
tests were conducted in an environ- 
mental heating chamber following a 
15 minute soak at the test tempera- 
ture. The mechanical property 
values reported are averages of 
three tests at each condition. 

Forced air convection ovens were 
used for long-term isothermal ex- 
posure of composites at 600°F. The 
air change rate was 100 cm^/min. 
Composite weight loss measurements 
were made throughout the exposure 
period. 

The fiber content of composites 
fabricated from HTS fiber was deter- 
mined by H-,S0 4 /H-,0., digestion. The 
fiber content of Celion 6000 lami- 
nates was determined by a hydrazine 
digestion technique . ^ 

3. RESULTS AND DISCUSSION 

Prior to composite fabrication, the 
thermo-oxidative stability (TOS) of 
the various graphite fibers was in- 
vestigated. Figure 1 shows the 
weight loss characteristics of the 
fibers after isothermal exposure in 
air at 600°F. It can be seen that 
the Celion 6000 and HTS-2 fibers 
exhibited higher TOS than HTS-1. 
However, considerable variability 
in TOS was observed among HTS-2 
samples taken from different spools 
of the same lot. The weight loss 
variability within each spool was 
not as pronounced. Figure 1 shows 
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the two extremes in weight loss 
characteristics for the I1TS-2 fibers 
observed in this study, where each 
data point represents an average of 
3 tests. 

Table II si -s the initial mechanical 
properties of unidirectional com- 
posites fabricated from HTS-2 and 
unsited Celion 6000 fibers, using 
PMR-15 polyimide as the resin matrix. 
The interlaminar shear strength 
(ILSS) values of the two composites 
are closely comparable. However, 
the flexural strength and modulus 
values of the Celion composite are 
significantly lower than the 
corresponding properties of the 
HTS-2 composite. The low values 
could be the result of using a span- 
to-depth ratio of 16.3 in testing 
the Celion composite flexural speci- 
mens, compared to a span-to-depth 
ratio of 22.5 for the HTS-2 com- 
posites. Inspection of the tested 
Celion composite specimens indicated 
a compressive failure mode. 

Figures 2-5 compare the weight loss 
characteristics and mechanical pro- 
perty retention of PMR-15 composites 
fabricated from HTS-1, HTS-2 and 
Celion 6000 fibers after isothermal 
exposure in air at 600°F. The HTS-1/ 
PMR-15 composite data are taken from 
the literature, ^ since the fiber 
was no longer commercially available 
at the time of this study. Similarly, 
the HTS-l/PMR-II composite properties 
shown in Table III and Figures 6-9 
are also taken from the literature/ 3 ^ 


Figure 2 shows the weight loss 
characteristics of PMR-15 comp sites 
using HTS-1, HTS-2 and Celion 6000 
as the graphite fiber reinforcement . 
The isothermal exposure at 600°F 
was terminated when significant 
surface degradation became apparent, 
as evidenced by the presence of 
copious loose fibers. The first 
appearance of loose fibers in the 
HTS-2 and Celion 6000 composites 
occurred between 1200 and 1500 
hours of exposure at 600°F. It is 
apparent that both HTS-2 and Celion 
6000 composites exhibited a signi- 
ficantly improved TOS compared with 
the HTS-1 composite. This can be 
attributed to the superior TOS of 
the bare HTS-2 and Celion 6000 
fibers . 

Figure 3 compares the interlaminar 
shear strength (ILSS) retention of 
the three composites after exposure 
in air at 600°F. It can be seen 
that both the HTS-2 and Celion com- 
posites exhibit 100 ? i> retention of 
their initial ILSS values during 
the first 1000 hours of exposure. 
There is a gradual decrease of the 
ILSS values during further exposure. 
The HTS-1 composites exhibited a 
consistently lower ILSS throughout 
the 600 hour exposure time. 

The effect of isothermal exposure 
at 600°F on the flexural strength 
of the PMR-15 composites is shown 
in Figure 4. The HTS-2 composite 
shows excellent flexural strength 
retention during 800 hours of 
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exposure, followed by a gradual de- 
crease. As noted before, the Celion 
composite exhibited a significantly 
lower initial flexural strength, 
probably due to t'.e low span-to- 
depth ratio for the test specimens. 
However, the important point to 
note is that the composite exhibited 
excellent flexural strength reten- 
tion throughout the exposure period. 

The flexural modulus values of the 
PMR-15 composites during extended 
exposure at 600°F are shown in 
Figure 5. It is apparent that the 
HTS-2 and Celion 6000 composites ex- 
hibit excellent retention of the 
flexural modulus during the first 
600 hours of exposure, compared to 
the HTS-1 composite. 

Table III shows the initial mechani- 
cal properties of composites using 
the second generation PMR-II poly- 
imide as the resin matrix. The pro- 
perties of the HTS-1 composite are 
taken from the literature. ^ It 
can be seen that the mechanical pro- 
perties of the HTS-1 and HTS-2 com- 
posites a e closely comparable. The 
flexural properties of the Celion 
6000 composite are lower, probably 
because the use of a lower span-to- 
depth ratio resulted in a compressive 
failure mode. 

The weight loss characteristics of 
the PMR-II composites during extended 
exposure in air at 600°F are shown 
in Figure 6. The difference in 
fiber stability between HTS-1 fibers 
and the more thermo-oxidatively 


stable HTS-2 and Celion 6000 fibers 
is reflected in the superior TOS of 
the HTS-2 and Celion composites. 

No surface degradation was observed 
in the HTS-2 composite specimens 
after 2000 hours of exposure, at 
which time the test was terminated. 

A very small amount of loose fibers 
appeared in the Celion composite 
specimens after 2400 nours. The 
surface degradation was still mini- 
mal after 3000 hours, when the ex- 
posure was terminated. 

The effect of isothermal exposure 
at 600°F on the 1LSS properties of 
the PMR-II composites is shown in 
Figure 7. There is no great dif- 
ference in the ILSS retention char- 
acteristics of the composites during 
the first 1000 hours of exposure; 
both HTS-2 and Celion 6000 conpositffi 
retained over 80% of their initial 
600°F ILSS after 2000 hours of ex- 
posure. 

Figure 8 shows the flexural strength 
retention of the PMR-II composites 
after exposure at 600°F. The HTS-2 
composite exhibited excellent re- 
tention of the flexural strength 
throughout its exposure time. The 
Celion 6000 composite exhibited a 
gradual decrease of flexural 
strength. Nevertheless, the com- 
posite retained 78% of its initial 
flexural strength after 1800 hours 
of exposure. 

Most of the comments made about the 
flexural strength retention of 
PMR-II composites apply also to 


5 



the flexural modulus retention after 
exposure at 600°F, shown in Figure 
9. It may be noted that the HTS-1 
composite exhibited lower flexural 
modulus values throughout its ex- 
posure period than the HTS-2 or 
Celion composites. 

Figures 10-17 compare the effect of 
the PMR-15 and PMR-II resin composi- 
tions on long-term composite per- 
formance at 600°F. Figure 10 shows 
the weight loss characteristics of 
PMR-15 and PMR-II composites fabri- 
cated from HTS-2 fiber, and Figure 
11 shows the weight loss of com- 
posites fabricated from Celion 6000 
fiber after long-term exposure in 
air at 600°F. The superior weight 
retention of the PMR-II composites, 
compared to the corresponding PMR-15 
composites, is evident. It was 
noted earlier that the PMR-15/HTS-2 
and PMR-15/Celion 6000 composites 
began to exhibit surface degradation 
after 1200-1500 hours of exposure. 

In contrast, there was no evidence 
of loose surface fibers for the 
PMR-II/HTS-2 composite after 2000 
hours, and only a minimal amount for 
the PMR-II/Celion 6000 composite 
after 2400 hours of exposure. 

Comparison of the PMR-15 and PMR-II 
composite ILSS retention charac- 
teristics after isothermal exposure 
at 600°F is shown in Figure 12 for 
the HTS-2 composites and Figure 13 
for the Celion 6000 composites. It 
can be seen that the ILSS of the 
PMR-15 composites remains at a con- 
sistently higher level during their 


entire exposure time than the ILSS 
of the corresponding PMR-II com- 
posites. 

The comments made about the ILSS 
retention apply also to the flexural 
strength comparison of the PMR-15 
and PMR-II composites, shown in 
Figures 14 and 15. It may be noted 
that both the ILSS and flexural 
strength of the PMR-15/HTS-2 com- 
posite have decreased to the same 
level as the corresponding PMR-II/ 
HTS-2 composite properties after 
1500 hours of exposure at 600°F 
(Figures 12 and 14). 

The flexural modulus characteristics 
of the PMR-15 and PMR-II composites 
are compared in Figure 16 (HTS-2 
composites) and Figure 17 (Celion 
6000 composites). The flexural 
modulus of the PMR-15 composites 
(in contrast to the flexural 
strength values) remained consis- 
tently lower than the modulus of 
the corresponding PMR-II composites. 
It is interesting to note the out- 
standing modulus retention charac- 
teristics of the PMR-II/HTS-2 com- 
posite, which exhibited a 90\ 
retention of its original 600°F 
modulus after 2000 hours of exposure 
at 600°F . 

4. CONCLUDING REMARKS 

The results of this investigation 
show that the use of HTS-2 or 
Celion 6000 instead of HTS-1 
graphite fibers as reinforcement in 
PMR polyimide composites signifi- 
cantly increased the composite 
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thermo-oxidative stability and re- 
tention of mechanical properties at 
600°F. PMR-15 composites prepared 
from HTS-2 and Celion 6000 fibers 
exhibited a two-fold increase in 
useful lifetime at 600°F, compared 
to PMR- 15/HTS- 1 composites. 
Similarly, a significant increase 
in the 600°F lifetime of PMR-II com- 
posites was obtained by using UTS-2 
or Celion 6000 instead of HTS-1 as 
the graphite fiber reinforcement. 

The PMR- II composites fabricated 
from HTS-2 and Celion 6000 fibers 
exhibited a superior thermo- 
oxidative stability at 600°F and re- 
tention of their initial mechanical 
properties, compared to the cor- 
responding PMR-15 composites. 

5. REFERENCES 

1. Serafini, T. T. ; Delvigs, P.; 

and Lightsey, G. R. : Thermally 

Stable Polyimides from Solutions of 
Monomeric Reactants, J. Appl. Polym. 
Sci., Vol . 16, No. 4, 1972, pp. 905-916. 

2. Serafini, T. T.: Processable 
High Temperature Resistant Polymer 
Matrix Materials, International Con- 
ference on Composite Materials, Vol. 
1, E. Scala, ed., pp. 202-220, AIME, 
New York, 1976. Also NASA TM X- 
71682, 1975. 

3. Serafini, T. T.; Vannucci, R. D.; 
and Alston, K. B. : Second Generation 
PMR Polyimides, NASA TM X- 71 894 , 
1976. 

4. Vannucci, R. D. ; and Alston, 

W. B. : PMR Polyimides with Improved 
High Temperature Performance, NASA 


TM X-71816 , 1976. 

5. Delvigs, P.; Serafini, T. T. ; 
and Lightsey, G. R.: Addition-Type 
Polyimides from Solutions of Mono- 
meric Reactants, NASA TN D-6877, 
1972. 

6. Jones, J. I.: The Reaction of 
Hydrazine with Polyimides and its 
Utility, J. Polym. Sci., Part C, 

Vol. 22, 1969, pp. 773-784. 

6. BIOGRAPHIES 

6.1 PETER DELVIGS 

Dr. Delvigs has been a staff member 
in the Polymer Matrix Composites 
Section of NASA-Lewis Research 
Center since 1967. He received a 
B.A. degree in chemistry from Case 
Western Reserve University and a 
Ph.D. in organic chemistry from the 
University of Minnesota. His cur- 
rent research involves the synthesis 
and characterization of processable 
polymer matrix systems for fiber- 
reinforced composites having im- 
proved moisture resistance and char 
characteristics, as well as improved 
long-term performance at elevated 
temperatures . 

6.2 RAYMOND D. VANNUCCI 

Raymond Vannucci has been employed 
at NASA-Lewis Research Center since 
1965. He received a B.S. degree in 
engineering from Cleveland State 
University. Presently he is working 
as a Materials Engineer in the 
Polymer Matrix Composites Section. 
His current research involves the 
fabrication and characterization of 


7 



polymer composites. 

6.3 WILLIAM B. ALSTON 

Or. Alston is presently a Materials 
Lngineer with the Propulsion Labora- 
tory of the U.S. Army Aviation Re- 
search and Development Command, 
assigned to the Polymer Matrix Com- 
posites Section of NASA-Lewis Re- 
search Center since 1971. He 
received a B.S. in chemistry from 
the University of Wisconsin, M.S. 
and Ph.D. in chemistry from the 
University of Iowa. His current 
research is in the areas of polymer 
synthesis, crosslinking methods, 
and char formation. 



TABlE I • WONO't''^ USED roe »OL*|MIOE StNTmcsIS 


$rt jc iu«( 

M vi 

MM(||4TI *. 


V»camoshiC *cib 

M 

•*-©■ 1 *©"■* 

*. MdMYUMWAtmlM 

*** 

*:!0 i o|r 

O 0 

oiMrTMTjsTiB o* i.i i 
4 |(K70^H|HCiMnrt4C**|0auiC AClb 

BTDE 


A-MMyiJMOiamim 

aaoa 

■do Eojr 

o O 

0'»IT«'JSnA 0< 4 4 

CMtlAfUt •:» .OAOOAulOtM' |ii iAhNAlIC AClO' 

Hf Of 


TABLE II - AMYSICAL AM MCCMAMCAL BBCAEBTIES or 

amp ij/obaahite eiie* composites 


riBEA 

riecf 

'<itiai«»:n4ii sh|ai 
STAEMGTn, LSI 

FLEIUAAl, 

MSI 1 

STBEMOTti. 

tleiuaal 
c last i c i 

ODUIUS °l 

», r^j 4 

«tisro»:E«t%T 

4/0 

7S°f 

BOO # f 

74° r 

»oo°r 



MTS-2 

if 9 

14.1 

7.1 

21) 

IBB 

It 1.10 1 

It OilO J 

Coll of SOOO 

Sl.O 

1S.S 

7.2 

107 

104 

14.1 

12 7 


*9of«o1tjo0 to Si */0 r»6»r 


TABLE III - A«»S!CAi At.: MECnAMCAl AAOAEATIES OT 
am» II/GSAAHJTE MBE» C0**PC.SIT£4 


rut* 

*Cl*»ro*CD»tNT 

fIBEO 

4/0 

IHTtaiAVJSAt SHCAfl 
!T»[f*GTH, RSI 

riEIUBAl^TAEIlOTM. 

riuutAi noooius °* 
UASTICITY.rS! 4 

IS*I 

too°r 

7S°r 

too°r 

7s°r 

toc # r 

MTS-l" 

Sl.t 

12.2 

S.9 

249 

119 

IS 7.10 1 

14 9.I0 1 

MTS-2 

St t 

11 0 

to 

241 

129 

lt.l 

H 1 

Col 1 Of 6000 

59 .4 

It 1 

4.8 

191 

10S 

IS .5 

11.7 


‘MofMolllOd to SS */0 Etb*r 
b Dtti fro* r «T 1 


"-SKSSS55 






lost, Percent 






rtjur, l . lojs Of p»* 15/0r|pMt, Hp tr c0 «po»ttfl 

MpeifO to Hr «t tOO D f 


ORIGINAL PAGE IS 
OF POOR QUALITY 


Filin 



Tim*, Mr. 

Figure 3.- Interlemlner inter strength of R«R 15/ 
grephtte fiber composites eiposed end 
tested 1" *1r tt 600"F. 


FIBER 



Figure 4.- Fie »urel strength of >R> 15/grepMte fiber 

composites eiposed end tested In sir et 601 F. 



Figure 5 - Fleiur*_1 modulus of eltstidty of F*i# 15/ 
grepnite fiber composites eiposed end 
tested In elr tt 600“F 




Fljure 6.- Height loss of PHR- 1 I/graphite fiber composites 
e>posed in air at 600 c ' r 



Figure 7.- Interlaminar shear strength of RMR- I i/graphl te fiber 
composites erposed and tested In air at 600°F. 



ORIGINAL PAGE IS 
OF POOR QUALITY 

1 * 0 . 10 5 



Timt , Hr . 

8 • Flt.yril Strength 0 f PUS. H/SrepMte fib*. CO<-p='.U*S 
•■post) tnp tested In Air At 600°f 



Tint, Mr, 

Fl»jr» Flf.yrAl "OdyluS of elestlclty Of BMS-Il/grep .t 

flp*r po-posltes e.pcsed end tested in eir At 60 C c f. 



Hjyre 10.- 


ee'jrt loss of 8 M potylml de/MTS-? 
coxpct’tes e.posed in olr At 600 °f 


9 f epM te fleer 


0 


4 


8 

i 

u 



Time. Hr. 

Figure II,. Wight loss 0 * PHf polyimide/Cel ion 6000 graphite 
fiber composites eiposed in am it 600°F 


£ 



Time, Hr 


Figure 12.- Interla >• shear strength of P**» polytmide/ 
HTS-2 grapmte fiber composites eiposed and 
tested in air at 600°F . 







